The current study is a first exploration of real-time self-regulation of functional magnetic resonance imaging (fMRI) activation based on several different visual neurofeedback presentations. Six healthy participants were engaged in self-regulation of regional fMRI activation in the posterior parietal cortex (PPC), by performing a mental calculation task. In different MR sessions, feedback was presented in the form of either a thermometer display (in vertical orientation), a circle display (increasing or decreasing in physical size), or a numbers display (Arabic digits). While self-regulation levels did differ between individuals, all six participants were able to significantly up-regulate their PPC activation with all three neurofeedback presentations. In addition to a successful general up-regulation, five out of six participants were furthermore capable of gradual self-regulation to multiple intensity levels. Taken together, the current study is a proof-of-concept demonstration of the feasibility of using multiple visual feedback presentations during gradual self-regulation of regional fMRI activation. Implications for future neurofeedback research and applications are discussed.
Introduction
Neurofeedback is a form of biofeedback [1] in which an individual is informed about a signal from their brain and uses this information in order to learn to self-regulate their brain state. Employing neuroelectric brain signals for neurofeedback purposes as measured with electroencephalography (EEG) is well-established and extensively used in a variety of research as well as in clinical applications [2] . Over the last two decades, the interest in using realtime functional magnetic resonance imaging (rtfMRI) for neurofeedback, as an alternative and supplement to EEG, has been constantly growing [3] . As fMRI has a much higher spatial resolution as compared to EEG [4] , it allows for employing highly specialized brain regions for brain signal extraction and hence for the manipulation of specialized subsystems of the human neural system.
More recently, it has been suggested that real-time functional magnetic resonance imaging neurofeedback (rtfMRI-NF) has the potential to play an important role for therapeutic purposes [5] and the first successful clinical applications have been demonstrated, for instance, in patients with Parkinson's disease [6] , depression [7] , schizophrenia [8, 9] , spider phobia [10] , chronic pain [11] , chronic tinnitus [12] , alcohol use disorder [13] , nicotine dependence [14, 15] , and obesity [16] . Due to large inter-individual differences in the ability to gain conscious self-control over one's own brain signals [17, 18] , current research in this field is focusing on optimizing and advancing rtfMRI-NF protocols and methods. One recent advance is the exploration of new training protocols in which patients can learn to regulate their brain signals in a more gradual manner than a mere up-regulation or down-regulation. Instead of aiming for a constant signal increase or decrease, the goal is shifted to specific signal adjustments. For instance, Sorger et al. [19] showed that healthy participants are well capable of self-regulating In order to explore the success of not only general up-regulation (i.e. willingly activating the brain region during the mental calculation task), but also gradual self-regulation (i.e. willingly regulating the brain region during the mental calculation task to a specific activation level), participants were further challenged to target three different intensity levels (30, 70 , and 100% of their initial capacity). The concept of gradual self-regulation was first introduced in the 'BOLD brain pong' study [34] and was recently systematically investigated by Sorger and colleagues [19] . The current study combines this concept with the use of different visual neurofeedback presentations.
Experimental procedures

Participants
Six healthy volunteers (three female; all recruited at Maastricht University, Maastricht, the Netherlands) aged between 23 and 36 years (mean = 28.83; SD = 4.22) participated in the experiment. All of them had normal or corrected-to-normal vision and had no known neurological or psychological disorders. All volunteers had experience as fMRI participants, were familiar with the concept of neurofeedback, and were aware that they would be engaged in three self-regulation sessions, each with a different visual feedback display. The study was approved by the local ethics committee, and participants gave their written informed consent before the procedure.
Design
All participants were engaged in three rtfMRI-NF sessions on three different days, with intervals of at least 14 days in between sessions (mean = 31.67; SD = 14.38). Figure 1 (A) visualizes the overall structure of one session and Figure 1 (B)-(G) visualizes the structure of the localizer and a neurofeedback run per session. In each session, participants employed one of three visual feedback displays (Thermometer display, Circle display, Numbers display; see Figure 2 ). Each participant was engaged with all visual feedback displays, but the order of sessions was balanced across participants according to the reduced Latin square procedure (i.e. Participants 1 and 4: Thermometer, Circle, Numbers; Participants 2 and 5: Circle, Numbers, Thermometer; Participants 3 and 6: Numbers, Thermometer, Circle) [35] . A session consisted of an anatomical measurement and five functional runs. During the first (localizer) run participants did not receive any neurofeedback. In runs 2 to 4 continuous gradual feedback on the activation level of the selected target region was given (feedback runs). The decision to have three relatively short feedback runs (9.5 min) instead of their blood-oxygenation-level-dependent (BOLD) signal to several distinct intensity levels given neurofeedback information about the current fMRI activation.
Another crucial and largely unexplored aspect of any rtfMRI-NF set-up is how information about the current brain state is fed back to the participant. Most commonly, neural activation is presented visually, often in the form of a vertical thermometer display (i.e. by a vertical bar that increases or decreases in height in line with the corresponding brain signal; e.g. [6, 7, [20] [21] [22] ). Nevertheless, other feedback presentations have been used in the literature. These range from simple physical size changes of an image [11] , to more advanced visualizations, such as the functional brain activation map [23] , to very complex interactive virtual-reality displays [24] and even non-visual presentations, such as auditory cues [25, 26] . However, to our knowledge, self-regulation across several feedback presentations within the same individuals has not been explored yet, and little is known about if and how the feedback representation affects individuals' capability to self-regulate the BOLD signal [3, 5] . It has, nevertheless, been suggested that more complex feedback displays could increase a participant's cognitive load [27] , taking away processing time from the task at hand: self-regulation of the brain state. Given these potential differences between feedback displays, it hence cannot necessarily be assumed that the same individuals are generally capable of self-regulating their brain activity using different visual feedback displays, and a successful proof-of-concept demonstration of such an application is needed.
The current study constitutes a first attempt for such a demonstration. Six healthy participants were asked to self-regulate fMRI activation within a pre-defined brain region in the posterior parietal cortex (PPC) by means of a mental calculation task (cf. [28] [29] [30] ), with the help of three different visual feedback representations: (1) a commonly used vertical Thermometer display, (2) a Circle display which decreases or increases in physical size, and (3) a Numbers display showing Arabic digits. These rather basic representations were chosen over more advanced ones (e.g. virtual-reality scenarios) as they can be assumed to be neutral in terms of potentially confounding emotional factors, such as valence and arousal, while still differing in visual and cognitive complexity. While the Thermometer display portrays the amount of neural activity as discrete spatial steps on a vertical scale, the Circle display translates this information more directly into analogue sensory magnitude, with the physical size of a circle directly corresponding to the size of the projection onto the retina in both horizontal and vertical directions (e.g. [31] ). The Numbers display on the other hand is a less direct representation of abstract magnitude and even shares neural resources with the mental calculation task used in the current study [32, 33] . one long one was made for participants' comfort, since our combined previous MR experience has shown that participants prefer to have short breaks within longer scanning sessions. After the feedback runs, participants were engaged in one last run in which again no neurofeedback was given (no-feedback). Each functional run consisted of 380 volumes with alternating rest (n = 10) and task (n = 9) blocks, each lasting for 20 volumes (i.e. 30 s). Each of the nine task blocks belonged to one of three different conditions, which corresponded to the target state the participants were asked to self-regulate their brain activation to (see Procedure section below): 30% (n = 3), 70% (n = 3), and 100% (n = 3; see Figure 2 ). The choice to use three different target states (as opposed to more) was motivated by recent findings demonstrating successful gradual self-regulation of brain activation to three different intensity levels [19] . Randomized condition orders were equally balanced over all sessions of all participants.
Set-up
The visual feedback displays were created and presented using Expyriment (version 0.8.0) [36] , running on a computer designated to stimulus presentation. Each feedback display consisted of 11 different states; a null state and 10 gradually increasing activated states. Figure 2 illustrates example states for each visual feedback display. For the Thermometer display, the null state consisted of a white outline of the 10 thermometer segments and the activated states corresponded to gradually coloring these segments in gray, starting from the bottom. The target state for each condition was indicated with green inwards-pointing triangles on both sides of the thermometer. For the Circle display, the activated states were filled gray circles of increasing sizes. A green outline of a circle indicated the target state. The null state only showed the green target outline. For the Numbers display, the activated states consisted of gray Arabic digits from '1' to '10' presented at the center of the screen. The target state was indicated by two green Arabic digits positioned left and right of the center of the screen. The null state only showed the green target digits. During runs in which no feedback was provided, only the null states of all displays were shown in the task blocks. In the rest blocks of all runs, green triangles were replaced by red ones at the bottom of the Thermometer display, the green target outline was replaced by a red dot at the center of the screen in the Circle display, and the green target digits were replaced by a red digit '0' in the Numbers display. No feedback was given during rest blocks.
Each functional MR image was exported to an additional computer as soon as it had been reconstructed and subsequently preprocessed in real time using Turbo-BrainVoyager (version 3.2; Brain Innovation B.V., Maastricht, the Netherlands). The stimulation and realtime image-processing applications communicated via from the three sessions for each participant, indicating that this individual functional-localization approach resulted in well-defined neurofeedback target regions with little anatomical variability.
In each of the three feedback runs per session, participants were instructed in the same way as during the localizer task, except that they were asked to adapt their strategies based on the provided feedback, in order to reach the indicated target intensities (30, 70 , and 100%). The maximum percent signal change (MaxPSC) defining the upper boundary of the feedback displays (i.e. 100%) was based on the participants' performance in the localizer task, and was fixed for all three feedback runs. Instead of using the activation in the 100% condition, this upper state of the display was calculated based on the median of the last seven volumes in the 70% condition (i.e. the middle mental calculation intensity). This value was then multiplied by the factor 1.4286 (since 70% × 1.4286 = 100%) and the result was defined as the MaxPSC. This decision was motivated by observations in former pilot testing that indicated (a) good stability across sessions with a calculation based on the last seven volumes, and (b) large differences to the MaxPSC calculation based on 30% (leading to relatively higher results) and 100% (leading to relatively lower results). Due to an experimental script malfunction, there was a slight (but not systematic) deviation of on average 0.15% (SD = 0.16) in this calculation across participants. Importantly, MaxPSC calculated with and without this deviation were not significantly different, |t| < 1, and highly correlated, r = .94. The percent signal change (PSC) of the current preprocessed volume of the consecutive runs was calculated as the temporarily smoothed (by a factor of 3; i.e. the mean of the current and the two previous time points) mean activation of all voxels within the ROI, with respect to a local baseline. This baseline was calculated based on the last 16 volumes of the preceding rest block. The first four volumes of the rest block (6 s) were omitted to account for the delayed BOLD response at task offset. The PSC was then normalized by the MaxPSC and transformed into a feedback value on a scale between 0 and 10 (i.e. PSC / MaxPSC × 10). This value was then used to update the feedback display. Values below zero and above 10 were displayed as '0' and '10' , respectively. After each run, the participants were asked to indicate how often they changed their strategy and rate the success of their strategies on a scale between 0 and 10 (with 10 being best).
In the no-feedback run participants were engaged in the same task of regulating PPC activity to 30, 70, and 100%, but no feedback about their performance was given (the displays were in a null state; see above). The purpose of this run was to compare self-regulation with feedback to self-regulation in the absence of any feedback. While in the localizer run no feedback was given, too, it differed a network connection, using the Transmission Control Protocol (TCP).
Procedure
At the beginning of each scanning session, an anatomical data-set was recorded and used for visual guidance during the subsequent neurofeedback target-region selection.
After the anatomical data-set had been recorded, the functional localizer run was started. Participants were instructed to mentally relax during rest blocks and to engage in simple mental calculations (addition and subtraction) with three different intensity levels (30, 70 , and 100%) during the task blocks. A display in null state (see Set-up section above) continuously indicated the target level for each block using green indicators (see also Figure 2 ). Strategies to gradually self-regulate the activation of the neurofeedback target region via mental calculations could be chosen freely, but participants were advised to start with varying speed and problem size or switch between addition and subtraction. No level-specific instructions were given and participants decided themselves how to apply our suggestions to target the three intensity levels. For instance, a participant might have decided to start with the number 300 and consecutively subtract 7 (high intensity), subtract 2 (middle intensity) or add 5 (low intensity). Based on a general linear model (GLM) analysis of the functional localizer run's data, with three task regressors (30, 70 , and 100%), the neurofeedback target region was defined individually in each session. Since the left PPC has repeatedly been reported to play a key role in arithmetic processing (for a review, see [37] ), we focused on this anatomical landmark to define the functional region of interest (ROI) serving as neurofeedback target region in the subsequent feedback runs. We specifically chose a cluster of voxels spanning three consecutive slices, exceeding a threshold of t > 5.0 for all three task regressors, and showing a descriptive parametric modulation of the three mental calculation intensities. This resulted in ROIs with varying anatomical voxel counts across participants and sessions (between 610 and 2874 1 mm 3 voxels; mean = 1325; SD = 603.3). The decision to define the target region individually for each session by means of a functional localizer, as opposed to a fixed anatomical region, was motivated by several factors: (1) the observation that functional areas do not follow precisely anatomical landmarks [38] , (2) the known large inter-subject variability in PPC activation for numerical tasks [32] , (3) to ensure optimal selection of voxels for calculating a stable neurofeedback signal for each session, and (4) the fact that the focus of the current study was not the regulation of a neural signal elicited by a fixed anatomical region. Figure 3 depicts the overlap of ROIs their strategy as well as their rating of the success of their strategies were each entered in a one-way repeated-measures analysis of variance (ANOVA) with the factor Display (Thermometer, Circle, Numbers).
Individual self-regulation performance
Neurofeedback protocols need to ultimately be successful on an individual level rather than on a group average. Hence, the current study aimed to assess self-regulation performance on a single-subject level. Analysis of individual self-regulation performance was based on the data from the functional MR images as calculated online. The first four volumes of each task block (corresponding to 6 s) were omitted to account for the delayed hemodynamic response on task onset. For the remaining 16 data points of each task block, self-regulation level in percent (i.e. PSC / MaxPSC × 100; see also Procedure section above for a detailed description of how PSC is calculated) was calculated and, because of expected serial correlations of the slow hemodynamic responses within each task block, median averaged.
To investigate individual general up-regulation success, for each participant, within-task-block averages of selfregulation levels of all three feedback runs combined were entered into a one-sample t-test (against 0). To investigate the influence of the visual feedback presentation on up-regulation as well as gradual self-regulation performance, individual within-task-block averages of self-regulation levels subsequently were each entered into an ANOVA with the factors Target Level (30, 70, 100%) and Display (Circle, Numbers, Thermometer). To further capture the linear relation between the different selfregulation levels, an additional planned linear contrast (30% < 70% < 100%) was tested for the main effect of the factor Target Level.
Comparison of self-regulation performance with and without feedback
To compare individual self-regulation performance with and without receiving feedback, within-task-block averages of self-regulation level from the three feedback runs and the consecutive no-feedback run were each correlated with the corresponding to-be-reached target level (30, 70 , and 100%). To ensure a meaningful amount of data points to correlate with each other per participant and run (i.e. 27), and since the focus of this analysis is on the general effect of providing feedback, data were averaged across all three sessions/displays.
Relation between localizer and self-regulation performance
In order to investigate the relationship between the localizer and various aspects of self-regulation performance, to the consecutive runs, as it was used to define both the ROI and the MaxPSC, both of which were used in the consecutive runs. The additional final no-feedback run was hence necessary to have an unbiased control in which a feedback value could be calculated in exactly the same way as in the feedback runs (i.e. with respect to the ROI and MaxPSC defined in a different run), but was merely not provided to the participants.
Data acquisition
All MR images were recorded on a 3-T Siemens Magnetom Prisma MR system (Siemens, Erlangen, Germany) with a 64-channel receiver head coil. High-resolution sagittal anatomical images were acquired using a T1-weighted MP-RAGE sequence with a GRAPPA acceleration factor of 2 (repetition time/echo time = 2250/2.21 ms; flip angle = 9°; field of view = 256 × 256 mm; number of slices = 192; slice thickness = 1.0 mm; in-plane resolution = 1.0 × 1.0 mm). Functional images were acquired using an echo planar T2*-weighted sequence sensitive to BOLD contrast with a GRAPPA acceleration factor of 2 (repetition time/echo time = 1500/27 ms; flip angle = 90°; field of view = 216 × 216 mm; number of slices = 29; slice thickness = 3.5 mm; in-plane resolution = 3.0 × 3.0 mm).
MR image preprocessing
Functional images were preprocessed in real time using Turbo-BrainVoyager (version 3.2; Brain Innovation B.V., Maastricht, the Netherlands). Each 3D volume was corrected for participant motion by re-alignment to the first volume of the localizer run. Subsequently, images were spatially smoothed using a Gaussian kernel of 4 mm.
Anatomical images were preprocessed using BrainVoyager QX (version 2.8.4) [39] . Each 3D volume was corrected for B0 inhomogeneities (4-cycle bias field estimation) and the brain was extracted from other tissue (2-cycle iteration). Finally, each image was spatially normalized to the standardized Talairach (TAL) space. This last step was performed exclusively for display purposes in Turbo-BrainVoyager and did not affect any of the analyses described below.
Data analysis
All analyses were performed using R (version 3.1.2) [40] and JASP (version 0.7) [41] .
Self-evaluation
In order to investigate group differences in self-evaluation between the visual feedback displays used in the current study, participants' indications on how often they changed was not consistent across the three participants; Table 3 ). Importantly, besides those differences, post hoc t-tests confirmed significant up-regulation with all neurofeedback presentations for those individuals (Table 4) .
In five out of six participants, a significant difference in self-regulation level between the different target levels (i.e. a main effect of the factor Target Level) was observed (see Figure 5 (A)), with significantly higher self-regulation level in the 100% condition compared to the 30% condition, and in the 70% condition compared to the 30% condition (Table 5 ). In all of those five participants there was furthermore a significant linear trend between the levels of the factor Target Level, indicating that as the target level increased, the self-regulation level increased proportion- 35, and Thermometer display, F(2,24) = 7.01, p < .01, η p 2 = .37, sessions, and a linear trend in the Thermometer display session only, t(26) = 3.74, p < .01 (see also Figure 5 (B)). Figure 6 depicts individuals' correlation between selfregulation level and the to-be-reached target level for the three feedback runs and the consecutive no-feedback run. Three participants (Participants 1, 3, and 6) showed a significant correlation without receiving feedback, while four participants (Participants 1, 2, 3, and 5) showed a significant correlation when receiving feedback for at least two out of the three feedback runs. For half of the participants (Participants 2, 4, and 5) the correlation was higher when receiving feedback compared to when not receiving feedback. For the other half, this pattern was reversed.
Comparison of self-regulation performance with and without feedback
for each session MaxPSC was correlated with (a) average self-regulation level, (b) self-regulation accuracy (i.e. 100 − |self-regulation level − target level|), and (c) the correlation between self-regulation level and target level, in all neurofeedback runs. Furthermore, to investigate differences in MaxPSC estimation between the visual feedback displays used in the current study, a oneway repeated-measures ANOVA with the factor Display (Thermometer, Circle, Numbers) was conducted.
Results
Self-evaluation
Strategy changes and ratings of the success of the strategies per participant and session, averaged over all three feedback runs per session, are reported in Table 1 . Oneway repeated-measures ANOVAs revealed no significant differences between displays across participants for the frequency of strategy changes, F(2,10) = 0.63, p = .55, η p 2 = .11, or success ratings, F(2, 10) = 0.24, p = .79, η p 2 = .05.
Individual self-regulation performance
Individuals' average self-regulation levels in the task blocks were highly significant, indicating successful general up-regulation during task blocks for each of the six participants ( Table  2 shows the main results of the individual ANOVAs on self-regulation level. In three participants no significant difference between feedback presentations (i.e. no main effect of the factor Display) was observed. In the other three participants a significant difference was revealed (see also Figure 4 (B)-(D)), but in no apparent systematic manner (i.e. the directionality of these differences in subsequent runs. Average self-regulation level per session correlated negatively with the session's MaxPSC, r = −.594, p < .01. The lower the result of the MaxPSC calculation in the localizer run, the higher was the average self-regulation level in subsequent runs. Self-regulation Figure 7 depicts the relationship between localizer performance and several aspects of self-regulation performance the other hand, it is also feasible to assume that cognitive load is perceived differently across individuals and the observed incoherence in these three participants might in fact reflect that.
Relationship between localizer and selfregulation performance
The most prominent finding, however, is that these three participants still achieved successful up-regulation with each single feedback presentation, despite any differences in performance between them. The remaining three participants all showed successful overall up-regulation and no influence of feedback presentation on self-regulation level could be observed at all.
The demonstration of successful up-regulation in all tested participants across varyingly complex displayseven when the processing of the display information itself shared cognitive and neural resources with the neurofeedback task (in the case of the Number display) -is an important finding. It has been suggested that the complexity of feedback displays could potentially increase a participant's cognitive load [27] , thereby taking away processing time from the task at hand: self-regulation of the brain state. The current study hence shows the general feasibility of using multiple visual feedback presentations in unison to achieve the common goal of self-regulating neural activity measured with rtfMRI, and should encourage researchers to explore new neurofeedback training protocols that might benefit from this. For instance, feedback presentation might be changed dynamically throughout the training, as an attempt to accuracy correlated positively with the session's MaxPSC, r = .473, p < .05. The higher the result of the MaxPSC calculation in the localizer run, the closer the selfregulation level was to the target level in subsequent runs. The correlation between self-regulation level and target level did not significantly correlate with the session's MaxPSC, r = .179, p = .48. One-way repeated-measures ANOVA showed no significant differences in MaxPSC between displays, F(2, 10) = 0.80, p = .48, η p 2 = .14.
Discussion
The current study provides a first demonstration of rtfMRI self-regulation success across several visual neurofeedback presentations in the same individuals. Six healthy participants were capable of successfully up-regulating their activation of a functionally pre-defined brain region in PPC by means of a mental calculation task when visual feedback of the neural activity was provided by (1) a vertical Thermometer display, (2) a Circle display which decreased and increased in physical size and (3) a Numbers display showing Arabic digits. For three participants a significant difference in self-regulation level between feedback presentations could be observed. However, these individual display differences were not coherent across the three participants, as might have been expected if they were the result of an inequality of the cognitive load, due to differing visual feedback presentation complexities [27] . On In line with former findings [19] , five out of six participants were capable of successful gradual self-regulation to multiple target levels. That is, in addition to a successful general up-regulation, a significant difference and linear trend in self-regulation level between the 30, 70, and 100% conditions were observed. Crucially, only prolong participants' motivation levels and attention spans or to counteract cognitive exhaustion (e.g. [3] ). Varying the form of feedback presentation over time might furthermore help to reduce habituation effects that are related to continuous exposure to the same visual stimulus [42] (see also [43] ). condition feedback was only given one-sided. That is, while the display incrementally depicted neural activation below 100%, with 100% being the upper limit of the feedback display, participants were not informed of any changes in activation once it exceeded 100%. While this intuitively should lead to increased self-regulation levels (as anything above 100% is still shown as 100%), it is also thinkable that participants, being aware of only receiving feedback up to 100%, indirectly compensated by avoiding reaching the actual display limit, in order to retain full feedback. Third, while 100% was based on localizer performance, participants might still have been incapable of reaching the full 100% in consecutive runs, due to exhaustion or a decreased attention span or motivation level. Taken together, there are several reasons why the in one participant could a difference in the manifestation of this effect between the three feedback presentations be observed. The current study therefore extends the findings by Sorger and colleagues [19] by demonstrating that successful gradual self-regulation is possible with multiple neurofeedback displays, supporting the applicability of gradual self-regulation neurofeedback protocols. To our surprise, even when descriptively present, the difference in self-regulation level between the 70% and 100% conditions did not reach significance in any of the participants. Possible reasons for this result are manifold. First, the distance between 70% and 100% is smaller than the distance between 30% and 70%, making a differentiation between the upper two levels potentially more difficult. Second, unlike in the other two conditions, in the 100% before the feedback runs, directly after the localizer run, in order to test for a feedback effect that is not confounded with a transfer of self-regulation success. Comparing the no-feedback run after the feedback runs with the additional one before the feedback runs will furthermore allow for a clean investigation of transfer effects. Looking at the average self-regulation level of all participants (Figure 4(A) ) indicates considerable differences between individuals. This finding came as no surprise as the presence of strong inter-individual variety in self-regulation success (i.e. the ability to gain conscious self-control over one's own brain signals) has generally been acknowledged in neurofeedback studies based on EEG [18] as well as fMRI [17, 46] . In addition to this, we also observed that average self-regulation differences between feedback presentations also depended on the individual, with half of the participants showing differences between at least two feedback presentations in no apparent systematic way (see also Figure 4 (B)-(D)). This finding could be a first indication that neurofeedback studies might benefit from adapting feedback presentations to individual preferences in order to increase self-regulation success. Future research in this direction will be necessary in order to quantify individual display preferences and to investigate if and how they can be identified in advance of a neurofeedback training session. For instance, mathematical performance (which was not tested in the current study) could be an indicator for how well an individual performs with the number display, while other cognitive factors might be expected to be indicators for other displays. The general success in differentiating between different target levels was slightly more stable across participants, with only one participant not capable of gradual self-regulation (see also Figure 5(A) ). Furthermore, in only one out of the remaining five participants did this ability depend on the feedback presentation difference in self-regulation level between the 70% and 100% conditions did not reach significance. Based on this finding, we would advise researchers to (1) use equal distances between target levels, (2) prevent one-sided feedback by not including intensity conditions that correspond to the display limits, and (3) scale down localizer performance when defining 100% signal change. While five out of six participants showed a significant correlation between self-regulation level and to-be-reached target level in at least two feedback runs, a stronger correlation during feedback runs compared to the no-feedback run could only be observed in three participants. A possible explanation for this finding could lie in the fact that the no-feedback run in the current study was placed at the end of the neurofeedback session, after the feedback runs. In the context of a neurofeedback training study an improvement in self-regulation is usually expected over time. This improvement can furthermore translate into the no-feedback run, indicating that participants learned well from receiving feedback in the runs before, and are able to apply the cognitive (gradual) self-regulation strategies they have elaborated in the neurofeedback situation even in the absence of feedback (e.g. [3, 44, 45] ). The presence of such a learning effect might explain why a feedback effect could not be observed in all participants. The data seem to confirm this suspicion. The three participants who actually showed a stronger correlation with the target level during feedback compared to the no-feedback runs ( Figure 6 ; Participants 2, 4, and 5) did also not show an improvement during the feedback runs (i.e. a stronger correlation in the last feedback run, compared to the first). The remaining three participants did show such an improvement, and hence might have been able to transfer this into the no-feedback run. For future studies, we suggest researchers place an additional no-feedback run capable of successful gradual self-regulation to multiple target levels. Taken together, the current findings show the feasibility of using multiple visual feedback presentations and gradual self-regulation paradigms to further improve neurofeedback applications. Future research will need to detail how applicable the current findings are in a neurofeedback training context with specific patient groups and different mental tasks and neural signals.
(see also Figure 5(B) ), strengthening the applicability of gradual self-regulation for future neurofeedback training studies.
Our results furthermore showed an interesting relationship between localizer performance and various aspects of self-regulation. MaxPSC of the localizer run correlated negatively with average self-regulation level in subsequent runs, with a lower localizer performance leading to a higher up-regulation. That is, the maximum state of the neurofeedback display was more easily reached when the range of the neural signal that defines the range of display states was smaller. This finding points to a general problem with the common calculation of the MaxPSC based on the performance in a single localizer run. If participants, for some reason, do not perform well in this run, and a rather low MaxPSC is calculated, it is very likely that they over-perform in subsequent runs, and if participants perform exceptionally well in the localizer run, chances are higher that they under-perform in subsequent runs. In turn, MaxPSC correlated positively with self-regulation accuracy. That is, the absolute target levels were reached more accurately when the range of the neural signal defining the range of the display states was larger. This finding seems intuitive, as a larger signal range will lead to deviations in the self-regulation level being less pronounced. Interestingly, however, localizer performance did not seem to affect the participants' general ability to reach multiple relative target levels, as the correlation between self-regulation level and target level did not correlate significantly with MaxPSC. The current findings hence suggest that localizer performance affects different aspects of self-regulation performance in different ways, with the optimal localizer performance depending very much on study objectives. Future studies might also consider re-adjusting the MaxPSC online for up-regulation tasks [47, 48] , in order to maximize task coherence between participants and sessions. Furthermore, attention should also be paid to verifying that variations in MaxPSC are not confounded with other factors of the experimental design. For instance, in the current study, we tested for a systematic difference of the average MaxPSC between the different visual feedback presentations, in order to avoid the possibility that the observed differences in selfregulation performance could potentially be explained by variations in localizer performance.
Taken together, the current study provides a first proof-of-concept demonstration of successful rtfMRI self-regulation across different visual neurofeedback presentations in individuals. Whether feedback was displayed by a vertical thermometer, a circle, or Arabic digits, all six participants were able to significantly up-regulate their PPC activity. In addition, five out of six participants were
